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AN EXPERIMENTAL ANALYSIS OF CRACKING DURING EXTRUSION

INTRODUCTION

Central bursting and/or surface tearing occur during extrusion of SRP
reactor fuel tubes with high wt % U cores. Cracking takes place when the
maximum effective strain in the billet exceeds a critical value which is
dependent on the mechanical properties of the material. The maximum
effective strain is a function of extrusion parameters, such as reduction
ratio, die geometry, and temperature. A quantitative analysis of cracking
will result in cost savings because high wt % tubes can be made with high
fabrication yields.

smY

A technique for applying grids to billet halves to study deformation during
extrusion was developed. The technique uses a rubber stamp with a twenty-
line-per-inch grid and special high temperature ink. It gives a grid having
~0.005 inch accuracy. Inserting a copper screen inside the binet was
evaluated but did not give accurate data because the original grid was not
sufficiently square.

A method for calculating strains from large deformations has been developed
and is used to calculate the principal strains in the billet. Centour
graphs of the strains are also plotted.

Conditions which cause cracking during extrusion are being determined. Several
tests were done using Mg-Al alloy and DU308-A1 powder metallurgy billets.
Surface tearing was observed for both Mg-Al and DU308-A1; however, central
bursting has not been observed.

* Co-op Student’,University of Tennessee
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An extensometer was designed for high temperature tensile tests to determine
the stress-strainbehavior of core materials at extrusion temperatures
(200-400”C). The extensometer has two rods to transfer the elongation of
the specimen gauge length from the high temperature chamber to linear variable
differential transformers (LVDT) located outside the furnace.

DISCUSSION

A complete study of the phenomenon of cracking must include an analysis of
the effective strain (~) distribution as a function of extrusionparameters
such as die angle, temperature, extrusion ratio, and lubrication. From the
data, optimum extrusion conditions can be determined which will minimize the
maXimUm effective strain at the die exit. Also, the critical effective strain
that causes surface tearing and central bursting can be interpolated from the
data once conditions for tearing are established.

The critical effective strain values can be determined experimentally as a
function of temperature from uniaxial tensile tests. These values can be
compared with critical values determin~ from billet extrusions. Tensile
tests will also provide stress-strain data for the core materials. From the
stress-straindata, the stress distribution during extrusion can be approxi-
mated.

Grid Technique

Strain data for extrusion are obtained from a grid placed inside a billet
before extrusion. A stamped grid (see Figure 1) proved to be...thequickest
and easiest method of obtaining accurate data. Inserting a piece of copper
screen was tried, but this technique did not give good data because the screen

~, resists deformation and the grid was not square.

For the ink stamp technique, a billet 3.25 inches in diameter and four inches
long was cut in half lengthwise. The inside surface was milled smooth and
cleaned. A high temperature resistant ink* was used to stamp a twenty-line-
per-inch grid onto the inside surface of the billet. A fifty-line-per-inch
stamp was tested but the grid was too small to get a good imprint. Reduced
copper powder (-325 mesh) was sprinkled onto the wet ink to improve contrast.
After the ink dried, the excess powder was blown off with compressed air.
The billet halves were welded together, all the way around, to prevent ex-
trusion lubricant from disturbing the grid. The billet was extruded about
halfway (enough for the flow field to be fully established) and removed from
the die. After cooling, it was carefully split apart and photographs taken
of the deformed grid (see Figure 2). The photographs were enlarged and the
coordinates of the grid intersection recorded with the digitizer. This
technique gave accurate data (~1).00S inch).

In reviewing the literature,(1) other grid techniques were found but were not
tested. Machining a grid onto the inside surface of the billet is time con-
suming and may affect the resuits as it would create stress concentrations.
Photographicallyetching a grid onto the billet surface was not pursued.

* Letterpress Ink, Phillips Process Co., Inc.
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Strain Calculations

Strains are calculated from the coordinates of the deformed grid. The grid
deformations are quite large, so assumptions based on small-scale deformation
dealt with in linear elasticity are not valid. For Imge deformations, strains
can be found by matrix algebra(2) (see Appendix A). The only assumption made
is that the grid deformation is homogeneous, i.e., straight lines in the
undeformed grid remain straight, and parallel lines remain parallel. This
assumption is true provided the grid size is sufficiently small. In our case,
it is found to be reasonable for all but a very few data points at the die
corners.

Data are put into a computer program(3) which plots the strain fields (see
Figure 3). The maximum effective strain can be easily determined over the
entire billet surface.

T~es of Cracking

In general, the effective strain for an extruded rod is greatest at the surface,
decreasing to a minimum along the axis.(4) However, under certain conditions
a local maximum appears just outside the axis giving a double maximum flow.
Strains near the surface of the rcd are essentially shear and shifts gradually
to pure tensile near the axis. There are two basic types of cracking: 1) surface
tearing, and 2) central bursting. Surface tearing begins at the surface of the
extruded rod propagating inward and is caused when the shear strain exceeds a
critical value. Central bmsting initiates at or near the axis of extrusion
and is caused by inordinately high tensile strains along or near the axis.
These two very different types of cracking must be avoided for successful
fuel tube extrusion.

Conditions Causing Cracking

The conditions under which both types of cracking first occurs are being
sought. This will enable a study of the strain fields leading up to cracking.
Extrusions have been done with a 3.25-inch-diameter1100 aluminum billet using
various dies and temperatures. The Fab Lab extrusion press does not have
enough force (maximum 520 tons) to push billets at temperatures below 220”C with
a 4S0 one-inch die exit, and 1100 aluminum is too ductile at this temperature
to crack under the stated conditions. Alloying magnesium with aluminum reduces
the ductility considerably. Magnesium aluminum billets with up to 4 wt % Mg
were available, but were also too ductile to crack at the lowest possible
temperatures. A 30 wt % Mg-Al material was available for extrusiOn. This
material was extremely brittle and surface tearing was observed for all ex-
trusions including minimum conditions (36s”c, 30’”2.009-inch dia).* Cracks
propagated directly inward, perpendicular to the surface. The literature(S)
refers to this as radial cracking which occurs only in the most brittle material.

* 365°C is maximum safe temperature for extruding 30% Mg-Al.
Y3.25“-’2= z ~z2,009” diameter is largest die in the Fab Lab; extrusion ratio .-
2.00~: “ “..
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Billets of 50, 60, and 70 wt % DU308-A1 were compacted and extruded. The
billets were about 3.15-inch diameter and four inches high. With the 50 wt %
Du308, surface tearing occurred at 250°C with a one-inch 45° die. The cracks
occurred only in the last six inches 0f the e~t~uded rOd. With 60 wt %, the
cracks appeared in the last six inches of’the extruded rod using the same die
at 325”C. The cracks pro agated inward a~ an angle inclined to the surface of
the rod. FThe literature ) refers to this as fir tree cracking which occurs
in semibrittle material.

Effect of Die Angle

One series of extrusions has been completed. In this series, 1100 aluminum
was extruded at 2500C through an approximately 1-inch die exit. The die angle
a was varied. The maximum effective strain (see Figure 4) increases linearly
with the die angle until a critical value (in our case ’65° half angle) is
reached after the strain becomes constant. Above the critical angle, the
material begins to form a dead zone.

Relationship Between Solid and Tube Extrusion

Thus far, all extrusions have been done with solid billets because experi-
mental and theoretical data are available in the literature for comparison.
The literature(6) shows that the flow fields are very similar to those observed
in our solid billet extrusions.

Consider a cross section of an extruded tube. The maximum effective strain
occurs at the Outer surface and decreases to a minimum near the mandrel. me
outer surface shows essentially shearing strain shifting gradually to a purely
tensile strain at the minimum value just outside the mandrel and shifting to a
combined shearing and tensile strain at the mandrel-billet interface. me
magnitude of the shearing strain at the inner surface is largely a function of
the interface friction. With perfect lubrication,the minimum effective strain
value over the cross section (the point of purely tensile strain) occurs at
the inner surface. The magnitude of the effective strain at the outer surface
alsO depends on friction, though not as greatly as on the inner surface. These
similarities lead us to believe that the relationship between effective strain
and the various extrusion parameters determined by solid billet extrusion wi11
be applicable to tube extrusion.

In SRP reactor fuel tube extrusion, the core material flows through a region
of combined shear and tensile deformation. Metallographic examination of
cracked fuel tubes indicates that cracking first occurs in the core material.
Tube failure then occurs when the cladding necks and fails. However, it is
not apparent whether the core cracks are caused by surface tearing, central
bursting, or a combination.

Tensile Testing

Tensile test> will be made using 50, 60, and 70 wt % DU308TA1 powder metal-.
lurgy specimens made from compacted and extruded core material. “Testswill
also be made with 1100 aluminum and 2.5 wt % .Mg-Alalloy specimens. These
tests will be done at elevated temperatures (up to 300”C) to determine the
mechanical properties of the material at the extrusion temperatures.
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Elongation measurements are a problem at high temperatures and no high
temperature extensometers are available at SRL. This is overcome by
machining grips and rods that transfer the elongation out of the environ-
mental chamber through a hole in the top. The movement of each rcd is
recorded separately with an LVOT (linear variable differential transformer),
The difference between them is the elongation of the specimen.

..
From these

tests, stress-straincurves can be found for the core materials as a
function of wt % uranium and temperature. Tensile tests will be carried out
to fracture, thus obtaining the maximm effeetive strain. Correlation of
tensile test data with extrusion data will give the stress distribution in
the billet.

RSS/HBP:ehj
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APPENDIX A

~ALYS IS OF LARGE DEFORN,%TIONS

-) The mathematical techniqtiesused to evaluate large

from those used for small strains. This is not due to

DPST-80-342

strains are very different

any fundamental difference

in the nature of small and large strains, but simply because some simplifying

asswptions are valid in the analysis of small strains for engineering appli-

cations, but lead to gross errors in the analysis of large deformations. Nohr’s

circle relationships are not valid because they fail to take into account the

strain paths and the rotation of the material particle. lVhentwo 1arge defor-

mations occur, the resultant deformation is dependent on the order in which

they occur.

The deformation of a square grid can be represented by an affine”trans-

forination,i.e.,

.’

T’=a T+a%
2 21 1 22 2

where the a’s are constants and ~ & ~ are the vectors of the grid sides before
1 2

deformation and ~1 & ~’ are the vectors of the grid sides after deformation.
2

In our analysis, ~1 is the average of the two streamline sides of a grid, and

~z 1S the average of the two transverse line sides of the grid. The only ass~mptiOn

made here is that the deformation of the grid is homogeneous, i.e., straight

line remains straight and parallel lines remain parallel. This assmption is

valid provided the grid size is sufficiently small.

.,

I

L.

1
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Additional deformations can be represented similarly,

<’=b ~l~:+b~’
12 2

-.

f~=b ~’+b ~’
21 1 22 2

_,,
The deformation vectors X. & ~~ can be related back to the original vectors

1 2

~1 & ~z by matrix multiplication,

-1?
Xl=c y+cy

11 1 12 2

where c... c
11 12

.

c c
21 22

,

.,

b b
11 12

b b
21 22

a a
11 11

aa
21 22

A matrix of a general two-dimensional deformationmay be factored into a

pure shear and a rotation, or a simple shear and a rotation, or any other way -

all are equally valid. It is desirable to have a basis of comparison to refer

all deformations. This choice is necessarily arbitrary. Pure shear as

represented by matrix (2) is the only type of two-dimensionaldeformation that

occurs along a coaxial strain path; that is, one in which all the incremental

strains have the same principle axes with respect to the material.‘4) Pure

shear is, therefore, a convenient standard with which to refer all deformations.

The three variables of simple shear, y, u, and L1, can be easily calculated

from the coordinates of the grid intersections. This is expressed in matrix

notation, and referred to a state of pure shear as follows (see Figure Al).

,
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Pure shear along the reference axes is represented by the following matrix,

E
e 0

0 e“’

To describe pure

(1)

shear anywhere in the plane, we may consider the defer-

mation to be a three-step process. A rotation through an angle @ to the

principle strain direction, the straining along the principle axes, and finally,

reverse rotation through @ to the original reference axes. Mathematically,

The product of these matrices is,

cosh c + sinh s ,cos 20

sinh c.sin 20

Cos @ sin @

-sin @ Cos 0

sinh E . sin 20
(2)

cosh c - sinh G cos ZG

TO obtain the most general matrix for pure shear strain, we must also

consider the rotation of the grid during deformation. Multiplying matrix

(2) by a rotation matrix,

Cos 10 ‘sin u

sin u Cos u

(3)

Thus, the most general matrix for deformation of incompressiblemedia in

terms of pure shear is:

cosh E + sinh s . cos 29 sinh c . sin 20
(4)

sinh c.sin 20 cosh s - sinh c . sin 20

I

—.
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Consider a typical

variables we can solve

natural strain, and w,

-13- DPST-80-342

deformed grid as in Figure A2. The most meaningful

for are @, the angle to the principle strains, e, the

the rotation of the grid. Consider first the deformation

in FigureA3. This deformation can be considered compression along X. and
z

stretching along Xl, followed by simple shear. In matrix notation,

1 Y

o 1

II

Equating this to the most general expression for pure shear,

Cos 6 ‘sin 6

sin 6 Cos 6

osh s + sinh c cos 20 sinh c sin 20

inh c sin 2Ei

!~
/t

00

9.
o/t

0 1

(5)

.

cosh s - sinh c cos 2@

1 Y

0 1

solving this we obtain the equations,

L~
Itcos 6 cosh c + cos 6 sinh e cos 2@ - sin 6 sinh s sin 29 = ~ (6a)

9.
cos 6 sinh c sin 20 - sin 6 cosh c + sin & sinh c cos 20 = y !10/

(6b)

cos 6 sinh e ‘sin20 + sin 6 cosh c + sin 6 sinh s cos 217J= O (6c)

i
cos 6 cosh c - cos 6 sinh c cos 2@ + sin 6 sinh c sin 20 = 0/1] (6d)
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i ~1/
(6a) + (6d) + 2 cos 6 cosh z =

0/k~ + Lo (7)

L
(6b) - (6c) = -2 sir.6 cosh e = Y

0/9,1, (8)

i
from (8), cosh E = y 0

-2 9.I sin 6

(6.) cot 6 -(6a) becomes

(9)

(lo)

so,

The

sin 20
COS2 8

sinh c (sin & + ~) = - ll/j
0

sin 20 =
- i~

sin & (11)
9,0sinh c

above equations have all assumed incompressibilityof the material,

i. e., the area of the deformed grid does not change. In our case, the area

does change, due to hoop strain. The equations can be easily modified if we

consider the grid squares to be first increased in size due to hoop strain,

and then deformed according to the equations previously described.

The hoop strain, Sc, is given by

t)l/Rcc = !n
0

see Figure A4
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Equations (9), (10), and [11) are valid if the original grid length !0 is

considered to be 9.’. To relate this back to the true original length Lo,0

r
simply multiply Lo by ‘o/

R]
wherever it appears. i.e.

eq. (9) becomes

eq. (10) becomes

r!.~ n]
and eq. (11) becomes sin 20=-~ /R sin 6

0
0 m

w, the total rotation, can be seen to be

~=h+a

The principle strains are

I

E
P2 =-E-EC

T

c
P3 = cc

The effective strain is then

A (c
ceff = fl Q]

- CP2)2 + (c
P2

- ~p3)2 + (EP3 - ~pl)z lfz

-.
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